Abstract Purpose: To evaluate the effects of HBO (Hyperbaric oxygen) and NGF (Nerve growth factor) on the long-term neural behavior of neonatal rats with HIBD (Neonatal hypoxic ischemic brain damage).
researchers have been performed about the roles of HBO and NGF in several aspects, but the effects of HBO and NGF on long-term neural behavior of neonatal rats have not been clearly explained.
In the present study, we used SD (Sprague-Dawley) newborn rats to construct HIBD models. Furthermore, the experiments of place navigation, space search, feet errors and limb placement were made to explore learning and memory ability, and sensory motor function in neonatal rats after HIBD. We aimed to study the effects of HBO and NGF on the long-term neural behavior of neonatal rats with HIBD.
■ Methods

Preparation of HIBD models
All procedures conform to the Principles of Laboratory Animal Care issued by the National Institues of Health, with local laws and regulations, and were approved by the local Animal Care and Use Committee.
A total of 40 SD newborn rats of both sexes, weighing 14.5 ± 3.2g, aged 7 days old were selected and purchased from Medical Experimental Animal Center of Guangdong Province. The preparation process of HIBD models was followed as previously described 21 . SD rats were fixed in supine position, and routine disinfection of neck was performed. Subsequently, a 3 mm longitudinal incision was made, and the right common carotid artery was isolated by vessel forceps. The carotid artery was ligated by 0 sterile line, and then the incision was sewed up by 6/0 disinfection disposable suture. The SD rats were then put in seal box with 8% O 2 after ischemia operation. Mixed gas including 8% O 2 and 92% N 2 was added to the box with a speed of 1-2 L/min for 2h. The SD rats continued to be fed with lactation after ischemia-hypoxia.
■ Introduction
HIBD (hypoxic ischemic brain damage), common in clinical, is mainly caused by neonatal hypoxia and asphyxia in the perinatal period [1] [2] [3] . It has been shown that about 4 million newborns die worldwide each year, and 23% death of these newborns is caused by asphyxia 4 . In addition, neuron apoptosis, significant in the pathological process of HIBD, leads to the permanent neurological death or damage in newborns 3, 5 . Some achievements have been made in neonatal asphyxia recovery, but no important improvement has been gained in the prognosis of HIBD 5 . Because neuron apoptosis is the main cause of death, intervention of apoptosis cascade can decrease the neuron apoptosis 2 . HBO (Hyperbaric oxygen) therapy is a treatment using the HBO to increase the supply of oxygen to wounds 6 , and this therapy has been used to treat neonatal disease for many years 7 . Additionally, HBO therapy helps to the protection and self-recovery of the affected brain 8 and protects brain from ischemia injury by inhibition of mitochondrial apoptosis 9 . Moreover, HBO therapy has a neuroprotective effect in hypoxic-ischemic rats and has no side effects in HIBD neonatal rats [10] [11] [12] [13] . Furthermore, HBO therapy has neuroprotective effect by promoting brain cell proliferation 14 or by anti-apoptosis and antioxidative stress 15 . NGF (Nerve growth factor), a neurotrophins, supports the differentiation and survival of neurons in the development of the brain 16 . It has been suggested that NGF can take neuroprotective, anti-apoptotic and antioxidative effect, and NGF may protect neuron from injury through these effects 17 . Moreover, NGF promotes peripheral nerve regeneration and reduces neural degeneration in rats 18, 19 . It has been shown that the administration of exogenous NGF reduces severe neurological deficits in HIBD 20 . As above stated, many Effects of hyperbaric oxygen and nerve growth factor on the long-term neural behavior of neonatal rats with hypoxic ischemic brain damage Wei L et. al.
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Animal groups
A total of 40 SD newborn rats were randomly divided into 5 groups, with 8 in each group, including sham-operated group, HIBD control group, HBO treated group, NGF treated group and NGF+HBO treated group. The right common carotid artery of shamoperated group rats was isolated but without ligation, hypoxia operation and intervention therapy. HIBD control group rats were fed regularly and were not be intervened after ischemia-hypoxia. HBO treated group rats were treated with HBO once (pure oxygen washing 5 min with the flow rate of 10 L/ min, then 15-20 min compression with the flow rate of 5-8 L/ min to stay at 0. 2MPa 30 min and the average oxygen concentration at 85%-90% or above, and finally uniform decompression 20-30 min) a day for 7 days after 15-30 minute of ischemia-hypoxia. NGF treated group rats were adopted with intraperitoneal injection of 0.5µg NGF (purchased from Xiamen North Road Biological Engineering Co., LTD) for each rat in 3 days after 15-30 minute of ischemiahypoxia. NGF+HBO treated group rats were adopted with intraperitoneal injection of 0.5µg NGF for each rat in 3 days after 15-30 minute of ischemia-hypoxia, and then treated with HBO once a day for 7 days.
Determination of Morris water maze behavior
Morris water maze is a standard experiment that forced the experimental animals to learn to seek a hidden platform in water 22 . The spatial learning memory ability is judged by analyzing learning memory ability for sense of space position and direction. Morris water maze experiment was performed in 5 groups at 30 days after birth.
Morris water maze is composed of circular pool, automatic image acquisition and processing system. The diameter, height and water depth of circular pool are 1300mm, 450mm and 320mm respectively. According to the position, the pool is divided into 4 quadrants (north, south, east and west), and these 4 quadrants are the start points of experiment. A platform, 1150mm in diameter and 300mm in height, hiding in 20mm underwater, is placed in the middle of any quadrants. The platform and the wall are ivory-white, and the water is also ivory-white by adding fresh milk or milk power. The water temperature keeps in 23-25•C with thermostatic equipment. The position of the pool and the surrounding environment are always kept in the same. Automatic video recording and data collection are made by automatic image acquisition and processing system (Texas Instruments' TMS320C6416T, Germany).
Place navigation experiment
The place navigation experiment was used to judge learning and memory ability of rat in water maze by the test of the escape latency (the route map and time that rats seek and climb the platform) 23 . The rat was put into the pool (without platform) swimming 2 minutes in the day before the experiment to make it familiar with the surroundings. The formal experiment went 5 days, 2 time quantum (morning and afternoon) a day, 4 times in each quantum, and the rats got into the water from 4 different points respectively. Then, the escape latency of 5 groups was recorded. If the experimental rat did not find the platform within 120 seconds, the rat was taken back to the platform and then 120 seconds were considered as escape latency. The interval between the two trainings is 60 seconds.
Space search experiment
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Test of sensory motor function
The test of sensory motor function including the experiments of foot error and limb placement was performed in 5 groups of rats at 42 days after birth.
The experiments of foot error
The rats were put in the metal mesh (500mm×400mm, 30mm×30mm per division, diameter 4mm) at 42 days after birth, and the times that the paws of fore and hind limbs fell down from the metal mesh were recorded. Because there were individual differences in the activity of the rats, the difference between the error counts of left and right sides were recorded.
The experiments of limb placement
The placement of paws of fore and hind limbs under different stimulus was recorded at 42 days after birth. If the placement of paws was correct and rapid, then 0 points was recorded. If the placement of paws was slow or not quite correct, then 1points was recorded. If the rats did not place the paws in the metal mesh, then 2 points was recorded. Finally, the D-value (difference value) of every rat's score on both sides was recorded.
Data processing
The data were expressed by mean ± standard deviation (x ± s) and processed by SPSS 16.0 (25) . The data of piercing indexes, foot errors and limb placements were analyzed by one-way ANOVA (analysis of variance), and LSD (least significant difference) was used for comparison among groups. The data comparisons of escape latency in Morris water maze were performed by two-way ANOVA of repeated measurement data. p<0.05 was regarded as significant difference statistically.
■ Results
Determination of Morris water maze behavior
Place navigation experiment Rats in each group spent a relatively long time finding the platform, and some rats found the platform without stopping in the 1 st round of training. Some rats could automatically seek the platform to rest since the beginning of the 2 nd round of training. The escape latency of rats in each group was gradually shortened with the increase of training times. The escape latency of HBO treated group, NGF treated group and NGF + HBO treated group was significantly shorter than that of HIBD control group (P < 0.01). The escape latency of HBO treated group (1 st and 5 th , P < 0.05), NGF treated group (1 st and 5 th , P < 0.01; 3 rd and 4 th , P < 0.05) and NGF + HBO treated group (1 st , 3 rd and 5 th , P < 0.01; 4 th , P < 0.05) was longer than that of shamoperated group. There were no significantly statistical differences in the comparison of the escape latency of 3 treated groups (P > 0.05). The escape latency of rats in each group was gradually decreased with the increase of experiment days and training times, and there was a significantly statistical difference (P < 0.01). The comparison of the escape latency was shown in Table 1 .
Space search experiment
The piercing indexes of HBO treated group, NGF treated group and NGF + HBO treated group were higher than that of HIBD control group (P < 0.01). The piercing indexes of 3 treated groups were lower than that of sham-operated group, and there was no statistical difference between these 3 treated groups and sham-operated group (P > 0.05). There were no significantly statistical differences in the comparison of the piercing index of HBO treated group, NGF treated group and NGF + HBO treated group (P > 0.05). The comparisons of the piercing indexes were shown in Table 2 . Note: compared with HIBD control group, *P<0.01.
--
Test of sensory motor function
The experiments of foot error
The left and right difference of foot error of HBO treated group, NGF treated group and NGF + HBO treated group was less than that of HIBD control group (P < 0.01). The left and right difference of feet error in 3 treated groups was more than that of sham-operated group, and there was no significantly statistical difference between these 3 treated groups and sham-operated group (P > 0.05). There were no significantly statistical differences in the comparison of the left and right difference of foot error in 3 treated groups (P > 0.05). The comparison of the left and right difference of foot error was shown in Table 3 .
The experiments of limb placement
The left and right difference of limb placement of HBO treated group, NGF treated group and NGF + HBO treated group was significantly less than that of HIBD control group (P < 0.01). The left and right difference of limb placement of HBO treated group (P < 0.01), NGF treated group (P < 0.5) and NGF + HBO treated group (P < 0.05) was significantly more than that of shamoperated group. There was no significantly statistical difference in the comparison of the left and right difference of limb placement in 3 treated groups (P > 0.05). The comparison of the left and right difference of limb placement was shown in Table 4 .
HE (hematoxylin and eosin) staining of brain tissues in five groups HE staining of brain tissues was carried out for 5 groups, and the results were shown in Figure 1 . The hippocampal pyramidal cells were multi-layered and neatly arranged, cellular outline was normal, and the nucleus was centered and nucleolus were distinct for the rats in sham-operated group ( Figure  1A ). For the rats in HIBD control group, the pathological changes of brain tissue mainly concentrated in the cerebral cortex and hippocampal CA1,CA3, the cerebral cortex became thinner, hippocampal pyramidal cells, layers of which were reduced, were irregular arranged and swollen, and the cell structure was fuzzy ( Figure 1B) . Compared with the HIBD control group, the pathological changes of brain tissue in HBO treated group, NGF treated group and NGF+HBO treated group were significantly reduced. There was no significant reduction for cerebral cortex and layers of hippocampal pyramidal cells, the cells arranged loosely, and a small number of neurons appeared pyknosis and karyorrhexis ( Figure 1 C-E). 
■ Discussion
Neonatal HIBD, caused by asphyxia in the perinatal period, creates permanent damage to nervous system in newborns or leads to the death in children5. In this study, the experiments of place navigation, space search, feet errors and limb placement in 5 groups were made to study the learning and memory ability, and sensory motor function in neonatal rats after HIBD. Our results showed that the escape latency of HBO treated group, NGF treated group and NGF + HBO treated group was shorter than that of HIBD control group. Furthermore, the piercing indexes in 3 treated groups were higher than that of HIBD control group. Moreover, the left and right difference of feet error and limb placement in 3 treated groups were less than that of HIBD control group. The results imply that HBO therapy and NGF treatment may improve neural behavior in HIBD.
HBO therapy may upregulate the process of improved synaptogenesis, dendritic changes and synaptic remodeling, and these processes occur as responses to brain injury [26] [27] [28] . Harch et al. 29 indicated that HBO therapy might improve neural behavior by increasing the replication of neuronal and the differentiation of neuronal stem cells. In addition, HBO therapy can decrease cytotoxic edema of ipsilateral hippocampus and thus improve the learning and memory ability 30 . Furthermore, HBO can cause axon to sprout in models of peripheral nerve 31 . It has been shown that early HBO treatment improves the learning and memory ability by preventing nerve cell apoptosis 32 . Additionally, HBO therapy increases the density of contused hippocampus vascular, and then improves the spatial learning and memory 29 . Moreover, one study found that HBO therapy increased the expression of B-cell lymphoma 2 and boosted the activity of superoxide dismutase and glutathione content, and thus alleviated the apoptosis of hippocampus neural to improve the ability of learning and memory 15 . In our study, the results showed that HBO treatment could improve the learning and memory ability and sensory motor function in neonatal rats after HIBD. Therefore, our results are in accord with the former researches and indicate that HBO treatment can improve the neural behavior and the learning and memory ability.
Acioly et al. 33 indicated that NGF protected the newborn rat's neurons in HIBD stage. NGF can stimulate the differentiation, maintenance, survival and plasticity of neurons, and deficiency of NGF induces apoptosis of neurons 34 . In addition, augmentation of NGF enhances cholinergic neuronal markers and blockade of endogenous NGF impairs the retention of the spatial memory 35 . Administration of NGF is a significant determinant for the recovery of neural behavior 36 . Furthermore, mature NGF regulates neuronal cell survival via the binding of TrkaA and p75NTR receptors, and preform NGF promotes neuronal apoptosis also via the binding of p75NTR 37, 38 . NGF reduces the expression of caspase-3 and p53 upregulated modulator of apoptosis, and then inhibits apoptosis of motor neurons after facial nerve injury of rats 39 . Moreover, neuron apoptosis is significant in the pathological process of HIBD5. In our present study, NGF treatment also improved the learning and memory ability and sensory motor function in neonatal rats after HIBD. Therefore, our results are in line with the former researches and indicate that NGF treatment can improve neural behavior in HIBD.
■ Conclusion
Hyperbaric oxygen and nerve growth factor treatments may improve learning and memory ability and sensory motor function in neonatal rats after hypoxic ischemic brain damage.
■
